Electrospun drug-eluting fibers are emerging as a novel dosage form for multipurpose prevention against sexually transmitted infections, including HIV, and unintended pregnancy. Previous work from our lab and others show the versatility of this platform to deliver large doses of physico-chemically diverse agents. However, there is still an unmet need to develop practical fiber formulations for water-soluble small molecule drugs needed at high dosing due to intrinsic low potency or desire for sustained prevention. To date, most sustained release fibers have been restricted to the delivery of biologics or hydrophobic small molecules at low drug loading of typically <1wt%, which is often impractical for most clinical applications. For hydrophilic small molecule drugs, their high aqueous solubility and poor partitioning and incompatibility with insoluble polymers makes long-term release even more challenging. Here we investigate several existing strategies to sustain release of hydrophilic small molecule drugs that are highly-loaded in electrospun fibers. In particular, we investigate what is known aboutthe design constraints required to realize multi-day release from fibers fabricated from uniaxial and coaxial electrospinning. 
Polymers and excipients
The choice of polymer represents a key component in the development of sustained release electrospun fibers ( Table 1) . The seemingly unlimited number of natural and synthetic polymers that can be electrospun highlights the versatility of this platform. Therefore, the intended application of sustained release fibers often dictates polymer choice. Both non-biodegradable and biodegradable polymers have been used for sustained release from electrospun fibers [35, 36] . The most prevalent polymers used in electrospun fibers for sustained release are biodegradable polyesters such as PLA, polyglycolic acid (PGA), poly(lactic-co-glycolic) acid (PLGA), and polycaprolactone(PCL) [37] . Common non-degradable synthetic polymers employed for sustained drug release included polyurethane (PU), polycarbonate, and nylon-6.Verreck et al. [36] demonstrated controlled release of two hydrophobic drugs loaded at 10-40 wt% in PU electrospun fibers. While some naturally occurring polymers such assilk, collagen, gelatin, alginate, and chitosan have been investigated for sustained drug release from fibers, their shear-thinning properties make them challenging to electrospin alone or at high yield. These polymers have been reviewed by Piskin et al. [38] on their ability to electrospin into nanofibers.
The mechanism of drug release from fibers withthese polymeric compositions can be attributed to a combination ofdiffusive processes, polymer degradation, drug partitioning in polymers, and drug dissolution. In both degradable and non-degradable polymers that are also non-swellable, drugs must diffuse through the solid polymer matrix before diffusion into the bulk.The rate of drug diffusion out of the polymer matrix reflects a number of processes including the rate of water diffusion intothe polymer, partitioning and solubility of the drug between the polymer and the bulk, and diffusivity of the drug in the polymer.For non-degradable polymers, the average distance a drug diffusesthrough the polymer matrix is dependent on a fixed geometry. In contrast, the geometry for a biodegradable polymer changes with time and the average distance of diffusion will vary depending on the rate of polymer degradation.
Semi-crystalline and glassy polymers are often used for sustained drug release due to the slower rate of water diffusion into these materials. Cross-linked polymers can also impede water penetration, which make them useful materials for some sustained release applications [39] . Yohe et al.[40] demonstrated thatcontrolling the hydrophobicity of PCL fibers with a dopant is an effective strategy to tune drug release by affecting the rate of water diffusion into the electrospun porous fiber network. In contrast, other excipients such as glycerol have been used to enhance the wetting process and accelerate drug release [25] .Drug properties and form, in the final solid dispersion with the polymer fiber,will also greatly impact its observed release kinetics. As will be discussed in detail below, solvent compatibility with drug and solvent evaporation rate during the electrospinning process can be selected to impact the final solid state. In general, the electrospinning platform allows for a number of interconnected factors to be controlled but care must be taken to achieve designs for sustained drug release.
Hydrophilic agents for sustained release
Although a wide variety of agents can be incorporated into electrospun fibers [41] , most examples of sustained drug release out to at least 7 days have been primarily limited to hydrophobic small molecule drugs or large biological macromolecules. These agents are more amenable to sustained release due to their poor solubility, large size, or preferential partitioning into insoluble polymers. In contrast, hydrophilic small molecule drugs represent a major challenge in sustained release because of high solubility with release media, poor partitioning, and low compatibility with many hydrophobic polymers.Drug-polymer compatibility correlates strongly with the ability to fully encapsulate drugs and accomplish sustained release. Hydrophilic small molecules tend to have low solubility with hydrophobic solvent-polymer systems.In these situations, the hydrophilic molecules are inherently more likely to partition to the surface of fibers.
A majority of the studies investigating hydrophilic small molecule drug loading and release from electrospun fibers have focused on antibiotics and some antiviral compounds ( Table 1 ). The physico-chemical diversity of small molecule drugs with respect to parameters such as aqueous solubility, partition coefficient, ionization and pKa, molecular dipole, glass transition and melt temperature, are all important factors that will contribute to its interaction with the solvent and polymer both in solution and in the final solid dispersion. As such, using model hydrophilic compounds to extrapolate structure-function relationships between the fiber formulation characteristics and drug release kinetics should be interpreted with caution. For example, a recent study by Carson et al. [42] demonstrated the ability to tune the release 10-40 wt% tenofovir from 24 hours out to 30 days, using PCL/PLGA electrospun fibers. The study showed that higher PCL or PLGA content yielded faster or slower diffusional release of tenofovir, respectively. The goal was to generalize the PCL/PLGA electrospun fiber platform to other hydrophilic small molecule drugs. However, the release of azidothymidine, maraviroc, raltegravir, and tenofovir disoproxil fumarate was much faster compared to tenovir, using equivalent PCL/PLGA fiber formulations. This suggests that even slight differences within the chemical structures of these compounds, compared to tenofovir, can affect rate of release. It appears that the presence of a phosphonic acid functional group on tenofovir creates a unique interaction with PCL/PLGA polymer backbones and inhibits release. Therefore, a deeper understanding of the drug-polymer-solvent interactions at all stages of the electrospinning process will require availability and access to lead clinical compounds.
The large drug loading needed for clinical applications that require high daily dosing (10-100 mg/dose) presents additional challenges for sustaining drug release from fibers. Higher drug loadingoften results in increased burst release of drug due to larger amounts of surface-associated drug and high surface area of fibers. In fact, sustained release of small molecule drugs from fibers has been typically performed with low drug loading(<1 wt%), which limits clinical applications for treating or preventing many bacterial and viral infections. For example, Ball et al. [28] have fabricated nanofibers using various biodegradable polymers for sustained release. In theirstudies, several microbicides such as tenofovir, dapivirine, maraviroc, azidothymidine, acyclovir, glycerylmonolaurate were successfully incorporated into the nanofibers without any toxicity to various cells and explants. These nanofibers sustained release of the antiviral drugsbut were loaded at only 1 wt%, which is not clinically relevant for the proposed applications [28] . In a separate example for the same clinical purpose, Huang et al. [43] loaded tenofovir disoproxil fumarate, a water-soluble antiretroviral prodrug, into fibers electrospun from a polymer that would undergo dissolution in response to a pH change induced by semen. However, they did not demonstrate sustained release of the prodrug or provide any analytical data describing the solid drug dispersion in the finished fibers.
Analytical methods to characterize drug-polymer fiber dispersions
Analytical techniques can be employed at different stages of the electrospinning process to investigate the structure-function relationship between formulation properties and performance attributes of the final drug-loaded polymer fibers.Solution properties of the solvent containing drug, polymer, and other excipients impact both the electrospinning process and resulting fibers.A critical solution viscosity is needed to maintainmolecular chain entanglement to form fibers during the electrospinning process and is measured with a rheometer. Although the solution viscosity will depend on the polymer and other factors,typical values of viscosity are reported in the range of 0.5 and 2 Pa
. s [44, 45] . Drug-polymer interactions in solution can also induce a change in fluid surface tension, which affect Taylor cone formation and jet initiation. A drug-polymer solution with low surface tension, achieved by using nonpolar or weakly polar solvents, favors the formation of a Taylor cone at a much lower electrospinning voltage [46] . A tensiometer is used to measure surface tension. Furthermore, the conductivity of the solution has a direct influence on the ability to electrospin nanofibers as well as the morphology of the fibers. In general, characterization of the electrospinning solution can probe drug-polymer-solvent interactions that may inform the properties of the final solid dispersion and release kinetics.
Several techniques are employed to investigate the bulk properties of the fiber mats or fabrics that emerge from the electrospinning process. The physical properties of a fabric can be accessed by the measurement of density (basis weight), uniformity, surface roughness, and mechanical strength. These properties can influencebothdrug release kinetics andalso user perceptions of a product in clinical trials. Other than these physical properties, specific fiber properties have a directassociation to the release mechanism. For example, fiber size, morphology, arrangement, and surface features individually and alone can impact the drug release kinetics [47] . Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are standard techniques used to measure fiber size and size distribution, as well as alignment. Microscopy techniques can also be used to visualize crystalline drug dispersed within the polymer fibers. Drug that is localized onto the surface of a fiber often results in a burst release. X-ray photoelectron spectroscopy (XPS) is often used to probe the surface chemistry of a fiber, and is used to quantify the amount of drug enriched at the fiber surface. Other analytical techniques often employed on electrospun nanofibers include differential scanning calorimetry (DSC) and X-ray diffraction (XRD), which canprobe drug-polymer compatibility and crystallinity in the finished fibers. Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopyare also useful tools toexamine the molecular configurations of the drug and polymer in the resulting fibers. In general, these analytical techniques are useful for probing the bulk properties of a fabric to understand their effect on drug release from the final solid dispersions.
Uniaxial fiber design considerations for sustained release

Uniaxial electrospinning process and solution properties
Uniaxial electrospun fibers represent a relatively simple and scalable method to achieve rapid and sustained release of encapsulated drugs. A bench-topscale uniaxial electrospinning setup requires a micropump, syringe, syringe needle, power generator, metal collector, and polymer solution. Briefly, a chosen polymer solution is added to the needle-capped syringe, which is then attached to a micropump. The micropump is directed towards a grounded metal collecting electrode, at a given distance, at which point the positive lead of the power generator is attached to the syringe needle. As the polymer solution is extruded through the syringe needle a voltage is applied to create an electric field from the micropump to the metal collector. The electric field pulls the extruded polymer solution into a single instable Taylor cone, which is then whipped towards the metal electrode. This process causes rapid evaporation of solvent yielding thin solid polymer fibers collected on the metal collector.
Processing parameters and formulation properties represent important design elements that can impact the development of sustained release fibers. Alteration of polymer concentration, electric field strength, feed rate, and collector distance can potentially alter the final finished fiber solid drug dispersion, which in turn can affect the drug release kinetics. Xie and Buschle-Diller [48] showed the effect of fiber diameter, which can be tuned by electrospinning processing and solution parameters, on diffusional release of 2% tetracycline from PDLLA fibers. In the study, the group incorporated increasing amounts of methanol as a cosolvent to control the resulting fiber diameters. A 1:16 or 1:4 ratio of cosolvent/solvent produced ~800nm and ~200 nm fibers, respectively. Release studies indicated that larger diameter fibers yielded slower release compared to smaller fibers. After 24 h, smaller diameter fibers released threefold more tetracycline than larger diameter fibers. However, the group also studied the effect of fiber diameter on release of 2 wt% loaded chlorotetracycline from PDLLA electrospun fibers. Results showed that ~1550nm fibers release chlorotetracycline faster than ~200nm fibers. These differences in drug release as a function of fiber diameter may be a result of swelling behavior and drug solubility in the different fiber formulations. Other studies have also shown differing effects of fiber diameter on release behavior [49, 50] . Verreck et al. [50] posited that smaller diameter fibers are more tightly packed, inhibiting the rate of matrix swelling. It would be expected that for pure diffusional release, larger diameter fibers would create a longer path length for drug to diffuse, but these studies remind us that drug release mechanisms are often very complex. Formulation properties such as polymer concentration and solvent choice can directly affect electrospin processing and resulting drug dispersion in the fibers [50] . Therefore, formulation properties and processing parameters must be considered simultaneously when developing uniaxial sustained electrospun fibers.
Effect of polymer and drug dispersion on sustained release
In contrast to burst release fibers, sustained release fibers require extensive design considerations depending on the desired drug release application. Because burst release fibers generally incorporate fast dissolving polymers, which quickly hydrate in aqueous solution and dump their drug load [25] [26] [27] [51] [52] , design of these systems are relatively simple when compared to design constraints necessary for sustained release applications.Briefly, major design elements may include polymer choice, drug physiochemical properties, drug-polymer compatibility, formulation properties, and electrospinning processing parameters. The interplay of each aforementioned design parameters can significantly affect the release profile of drug loaded-electrospun fibers. The mechanisms of sustained release from electrospun fibers can be complex. However, the rate of matrix hydration and drug diffusion out of polymer has been the primary focus of many studies [40, 53] . In this section, we discuss how each of these aspects contributes to the design of sustained release uniaxial electrospun fibers. Figure 1 . Examples of sustained release curves from electrospun uniaxial fibers: (a) 10 wt% loaded paclitaxel in PLGA microfibers (PLGA MF) and nanofibers (PLGA NF) and first order release curve fitting for microfibers (MF) (k = 0.119, n = 0.45) and nanofibers (NF) (k = 0.223, n = 0.45).Release of paclitaxel sustained for 60 days to 80% cumulative release in PLGA NF and 60% cumulative release in PLGA MF. Fiber diameter significantly affected the release profile. [54] ; (b) Release curves of SN-38, a bioactive agent, from blends of PCL and poly(glycerol monostearate-co-ε-caprolactone) (PGC-C18) at ratios of 90:10, 70:30, 50:50 PCL:PGC-C18. Effect of air displacement was minimal for the degassed 90:10 PCL:PGC-C18 mesh comparing to the native one. Melted mesh (at 80°C for 1 min) reduced the pores and further eliminated time required for air displacement comparing to the native one. Higher PGC-C18 doping in the mesh significantly reduce the release rate. The effect on air displace has a direct influence on the wetting of the mesh and thus affects the release rate. [40] As mentioned previously, PLGA is a well-established electrospun fiber system for sustained release of hydrophobic and hydrophilic compounds. Xie and Wang [54] showed the sustained release of paclitaxel, a lipophilic anti-cancer drug, out to 60 days from PLGA electrospun fibers loaded at 10 wt%. The same PLGA fiber used by Kim et al. [55] demonstrated controlled release of cefoxitin sodium salt, a hydrophilic antibacterial drug incorporated at 5 wt%. However, in this study the results showed that 1 wt% and 5 wt% loaded cefoxitin sodium salt resulted in a significant burst portion within the first hour of release from PLGA fibers. Incorporation of PLA/PEG-b-PLA into PLGA yielded continuous sustained release of 27% of loaded drug over one week, after an initial burst phase. These examples show the use of PLGA for long-term release of a hydrophobic drugout to two months and sustained release of a hydrophilic drug out to one week. However, significant gaps in sustained release remain, particularly related to the sustained release of hydrophilic molecules. The study by Kim et al. [55] still shows significant burst release (~50-70% in first hour), and at 5 wt%, the loading is still low compared to what would be needed for many clinical applications, which often require high doses and realistic total dosage sizes.
Yohe et al. [40] demonstrated that the use of superhydrophic electrospun fibers could control air-displacement and sustain release of a 1 wt% small molecule hydrophobic drug past 60 days. This study focused on controlling the rate of matrix hydration as a means of sustaining drug release. In this study, the mechanism of drug release relied on the accessibility of drug in polymer to media. The high glass transition temperatures of polymers such as PLGA provide a different mechanism of sustained release, on a molecular level, by inhibiting drug diffusion through polymer chains. This mechanism hinges on the dispersal of drug molecules through polymer networks within single electrospun fibers. Lyu et al. [56] showed the effect of polymer Tg on drug release. In the study, hydrophobic dexamethasone was loaded at 10 wt% into two polyurethanes with low and high glass transition temperatures. The results showed that diffusional drug release was much slower for the high Tg polyurethane and much faster in the low Tg polyurethane. Furthermore, blends of the two polymers yielded intermediate release of the hydrophobic drug. The examples above incorporating hydrophobic drugs into fibers showed sufficient sustained release but again are limited by the relatively low drug loading used in the fibers.
An important factor associated with sustained release from uniaxial matrix fibers is drug-polymer compatibility [57] . Drug polymer compatibility refers to the physical interaction between drug molecules and polymer chains. The degree to which drug and polymer are compatible will directly affect the drug distribution in the final solid drug dispersion. This compatibility is primarily dependent on drug solubility in the polymersolvent system. Zeng et al. [57] demonstrated the effect of drug compatibility on release by loading 15 wt% lipophilic paclitaxel and 1.6 wt% hydrophilic doxorubicin hydrochloride into PLLA electrospinning solution. Paclitaxel was highly soluble in the organic solvent used in the formulations whereas doxorubicin hydrochloride showed low solubility. As a result, during electrospinning the rapid evaporation of solvent allowed paclitaxel to be fully dispersed and encapsulated within the finished solid fibers. Because doxorubicin hydrochloride was not soluble, phase separation occurred during the spinning process that resulted in a large portion of the drug on the surface of the fibers, causing higher burst release. Conversion of doxorubicin hydrochloride to a lipophilic drug by addition of ammonia resulted in better solubility in solution and improved encapsulation in the finished fiber. Seif et al. [58] further investigated drugpolymer compatibility and how it affects drug crystallization and subsequent release. The study showed that the tendency of ~10 wt% hydrophilic caffeine, loaded in PCL, to crystallize was dependent on both the polymer-drug compatibility as well the solvent selection. Furthermore, the results of the study demonstrated that release of caffeine from PCL was dampened in fibers without surface crystallized drug compared to fibers with clear drug crystals.
The ionization state of incorporated drugs can also influence drug distribution within the finished fibers. The study presented by Kim et al. above suggested that a major portion of incorporated cefoxitin sodium salt localized to the surface because of the high ionic strength of the drug [55] . Ball and Woodrow [32] demonstrated the PVP fiber surface enrichment of highly loaded lipophilic maraviroc (28 wt%), through XPS analysis. In this study it was suggest that physiochemical properties of the drug as well as drug loading can influence the propensity of drug to localize to the surface of fibers. A formulation with low drug-polymer compatibility resulting from drug solubility, ionization state, and loading will result in drug partitioning to the surface of the fibers which can then lead to burst release. Drug loading also plays a key role in the propensity of drug to localize to the surface of fibers. Several studies have shown the influence of higher drug loadings on increased burst release [59] [60] [61] . Therefore, much of the small molecule sustained release demonstrated has been accomplished by using low loadings and hydrophobic molecules to improve compatibility with the required solution properties of hydrophobic sustained release polymers [53, 62] . Recent advances have led to the development of more complex platforms to sustain release of compounds [63, 64] . However, sustained release from uniaxial electrospun fibers to sustain release is strongly influence by drug-polymer-solvent compatibility as it relates to the hydration of the fiber matrix and drug dissolution.
As discussed previously, sustained release from electrospun uniaxial fibers can be significantly manipulated through a number of platform and formulation characteristics. Polymer choice is the first step in developing a sustained release system where its hydrophobicity and Tg value substantially influence drug release kinetics. Drug compatibility with the polymer-solvent system is also an important design parameter for sustained release from uniaxial fibers. Low drug solubility in the polymersolvent system can cause preferential localization of drug to the surface of fibers during electrospinning even at low loading, which leads to burst release. Drug loading and ionization state can also influence encapsulation of drug in fibers. Higher drug loading and ionic content have been shown to lead to surface localization of drug. Processing parameters can also influence the morphology of finished fibers, which can affect resulting release. The complexity of these design parameters limits the ability to achieve sustained release with a wide variety of drugs, especially at high loadings. Therefore, much of the sustained release observed from uniaxial fibers has been achieved with low loadings and hydrophobic molecules. An optimized combination of the above mentioned design parameters could provide ideal sustained release for both hydrophilic and hydrophobic small molecule drugs at high loadings.
Coaxial fiber design considerations for sustained release
Coaxial electrospinning process and solution properties
Core-shell fibers produced by coaxial electrospinning are an alternative strategy that has been explored to achieve sustaining drug release from electrospun materials. Coaxial electrospinning is similar to the process for forming uniaxial fibers except for the nozzle configuration.A coaxial nozzle comprisestwo concentric but separate nozzles, which are individually controlled by a separate syringe pump. Thissetup allowsfor different solutions to be used in each nozzle as well as separate flow rate control. The core-shell fiber architecture is a result of the compound Taylor cone formed by this coaxial nozzle geometry.For sustained release applications, drugs are typically loaded into the polymer solution that forms the inner core whereas the outer shellconsists of a polymer that serves as a diffusive barrier for the drugs. Since coaxial electrospinning involves the use of two polymer solutions, the miscibility of the polymers and the solvents used in the core and the shell solution becomes a very important factor that impacts the integrity of the final core-shell architecture. Another important variable is the solution flow rate of the shell and core polymers, which can becontrolled to set the shell thickness and core diameter.In general, electrospun coaxial fibers often have the advantages in sustained drug release bythe localization of drug in the inner core and by the ability to tune the shell thickness.
Effect of core-shell composition and architecture on sustained release
As mentioned previously (section 4.1), coaxial fibers have the ability to tune the release profile over a wide range of time scales due to the core-shell structure.Although a number of reports have described the fabrication and application of various core-shell fibers for drug release (Table 1) , the process can require significant optimization torealize sustained release from different core, shell and drug compositions. Here, we consider factors that are most important to the structure of the coaxial fibers and their sustained drug release.
Integrity of the core-shell structure
The release behavior of drugs from core-shell fibers is highly dependent on the distribution of the drug within the core or shell phase, as well as the final morphology of the compound fibers. Solvent volatility and evaporation rate are of particular importance to produce uniform fiber diameter and regular morphology of core-shell fibers. Katsogiannis et al. [65] describe solvent mixtures of chloroform, dichloromethane, tetrahydrofuran, and formic acid with DMSO to produce PCL fibers with a porous structure. Volatile solvents have faster evaporation rates than DMSO. After the remaining DMSO evaporates, a porous fiber structure is obtained. Since coaxial fibers usually consist of two different types of polymer solutions and solvents, the mixture of solvent at the Taylor cone is unavoidable.Dayal and Kyu [66] have demonstrated that when core and shell solutions are immiscible, andthe shell solvent evaporates faster than the core solvent, a hollow fiber is obtained. Even if a hollow fiber structure is avoided, insufficient interfacial compatibility of the core and shell solutions often results in delamination at the interface. In contrast, if the two solvents are miscible and the evaporation rate of the shell solvent is faster than the core solvent, the entrapped core solvent may dissolve some portion of the shell polymer and produce a porous shell structure. Therefore, choosing the compatible solvents and polymer solutions is a crucial step to form coaxial fibers with great integrity.
The shell layer of coaxial fibers can often contain some amount of drugs from the core as a result of mixing of the core-shell solvents during electrospinning or due to defects in the core-shell structure. These flaws in the integrity of the core-shell architecture can compromise sustained release and result in burst release of the drug entrapped within the core.For example, Sohrabiet al. [67] showed that the release of the ampicillinloaded in the core of the poly(methyl methacrylate)-nylon6 (core-shell) fibers exhibited an initial burst release of 30% of the cumulative release. They suggested that the initial burst effect is most likely due to the accumulation of the drug molecules at or near the surface of the fibers during coaxial electrospinning. In addition, higher concentrations of the ampicillin in the core magnify the accumulation of the drug molecules at or near the surface of the fibers resulting in the initial burst. In a separate example, Tiwari et al. [68] showed the release profiles of metoclopramide hydrochloride from PVA-PCL (core-shell) fibers exhibited an initial burst to about 55% of the total release. They suggested that the burst effect is most likely due to the presence of pores (either micron or nano-sized) in the PCL shell, which is similar to the release mechanism found by others [69, 70] .Therefore, in order to achieve sustained release from core-shell fibers, the controlling of the shell structure is an important step.
Shell thickness and composition
Once the structural integrity of the core-shell architecture is achieved to localize the drug in a corethat is surrounded by a uniform and smooth shell, control of shell thickness and composition can be further explored to modulate release. In core-shell fibers, most reports suggest that the sustained releaseprofiles are usually a contribution from the rate-limiting effect of drug diffusion through the shell polymer [25, [70] [71] [72] [73] [74] . Therefore, the thickness and composition of the shell in coaxial fibers play important roles since both affect how well the drug is encapsulated in the core and the wetting behavior of the coaxial fibers during release.Wang et al. [71] used hydrophobic PLA and poly(3-hydroxy butyrate) (PHB) to produce coaxial fibers loaded with dimethyloxalylglycine (DMOG). They observed that coaxial fibers made of PHB-core and PLA-shell exhibited a burst release whereas those made of PLA-core and PHBshell exhibited a two-phase sustained release over 30 days. The first phase of the release was shown to be independent of the shell thickness. However, the second phase showed a linear release that was sustained over 30 days andwas dependent on the shell thickness. For example, thin shells (~120 nm) showed ~70% cumulative drug release in 11 days, whereas thick shell (~230 nm) required >30 days to reach the same cumulative percent release. In this example, sustained release of hydrophilic small molecules from coaxial fibers strongly depends on the hydrophobicity of the shell layer and the thickness of the shell.
Llorens et al. [75] compared the release of triclosan (an antibacterial drug) and curcumin (an anti-carcinogenic drug) loaded in the core of coaxial fibers made from PEG and poly(butylene succinate). Their results showed thatdrug release was higher from poly(butylene succinate)-core and PEG-shell fibers than core-shell fibers of the opposite composition. In addition, they observed that drug releases from core-shell fibers were associated with a controlled wettingmechanism.This was supported by a significant increase in the amount of triclosan and curcumin release upon use of low surface tension release media such as mixtures containing ethanol [75] .In another study reported by He et al. [76] , metronidazole was loaded up to 35 wt% in PCL-core fibers surrounded by a gelatin-shell.Contact angle measurementsshowed that the gelatin-shell could be made more hydrophobicby crosslinking, and this resulted in sustained release of metronidazole for up to 6 days.In contrast, an uncross-linked gelatin-shell resulted in 80% of cumulative release after 1day.Overall, there is a significant dependence on the surface hydrophilic-hydrophobic properties of the coaxial fibers and the sustained release of drugs. Qc/Qs = 0.5/1.5; drug in core), E (PLA-core PHB-shell; Qc/Qs = 2.0/1.5; drug in core), D1 (PHB-core PLA-shell; Qc/Qs = 1.5/0.5; drug in core), E1 (PHB-core PLA-shell; Qc/Qs = 1.5/2.0; drug in core). Fiber type D showed a sustained release of 70% of DMOG over 30 days. Switching core and shell polymers resulted in burst release due to different hydrophobicity of PLA and PHB. Shell thickness of fiber type D is twice thicker than fiber type E resulting in significant effect in release rate. [71] ; (b) Cumulative release of metronidazole (MNA) loaded from 5 wt% to 35 wt% in the core of PCL-core gelatin-shell fibers (all gelatin shells were cross-linked). Higher drug loading increased the release rate. Insert showed the release curves on the effect gelatin shell crosslinking. Crosslinking of the gelatin shell resulted in changes of hydrophobicity and therefore changing the release behavior. [76] 
Conclusions and future perspectives
We have highlighted the design considerations to achieve sustained release from electrospun uniaxial and coaxial fibers. In particular, we focused our discussion on current strategies that may be promising for weekly or monthly release of hydrophilic drugs at multimilligram quantities per day. In addition, several design constrains need to be considered for fibers that contain high loading of drugs. For example, sustained release from uniaxial fibers can be greatly affected by polymer choice (where the most important factors are hydrophobicity and Tg of the polymer), polymer and drug compatibility, drug loading and ionization state, and processing parameters. Specifically, Carson et al. [42] demonstrated blended uniaxial fibers to control release of a 10-40% hydrophilic small molecule past 10 days. This study demonstrated a multifaceted release mechanism that used the hydrophobic nature of the polymers and different polymer's Tg to control release of a hydrophilic drug. In general, it appears that it is very difficult to reach the specified targets (20 wt% loading, 10-100 milligram daily release for greater than a week) listed for prolonged release of small molecule hydrophilic drugs from uniaxial fibers. Uniaxial electrospun fiber strategies in the future will likely need to focus on blended compositions to realize the complex design constraints associated with sustained release of small water-soluble molecules. In contrast, sustained release from coaxial fibers is greatly influenced by the integrity of the coaxial fiber structure and the shell composition and thickness. Based on the mechanisms of release associated with the two fiber types described above, coaxial fibers are more likely to achieve the required targets for sustained release of small hydrophilic drugs. The ability to load high amounts of drug in a core with a tunable shell is a major advantage when compared to sustained release efforts from uniaxial fibers. In general, electrospinning shows promise for developing sustained release materials with tunable release kinetics that depend upon material surface chemistry, drug loading, and processing parameters. Our mechanistic understanding of hydrophilic drug release from uniaxial and coaxial fibers offers insights to develop more robust electrospun drug release systems. Fiber type D showed a sustained release of 70% of DMOG over 30 days. Switching core and shell polymers resulted in burst release due to different hydrophobicity of PLA and PHB. Shell thickness of fiber type D is twice thicker than fiber type E resulting in significant effect in release rate. [71] ; (b) Cumulative release of metronidazole (MNA) loaded from 5 wt% to 35 wt% in the core of PCL-core gelatin-shell fibers (all gelatin shells were cross-linked). Higher drug loading increased the release rate. Insert showed the release curves on the effect gelatin shell crosslinking.
Crosslinking of the gelatin shell resulted in changes of hydrophobicity and therefore changing the release behavior. [76] 
